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In this work we investigate the Zb(10610) (called simply Zb) abundance in the hot hadron gas
produced in the late stage of heavy ion collisions. We use effective Lagrangians to calculate the
thermally averaged cross sections of Zb production in processes such as B
(∗)+ B¯(∗) → pi+Zb(10610)
and also of its absorption in the corresponding inverse processes. We then solve the rate equation
to follow the time evolution of the Zb multiplicity, and the results remarkably suggest that this
quantity is not significantly affected by the considered reactions. The number of Zb’s produced at
the end of the quark-gluon plasma phase remains constant during the hadron phase.
I. INTRODUCTION
During the last decade the existence of exotic hadron
states has been established [1–3]. In particular, in the
bottomonium spectrum, the charged states Z±b (10610)
(from now on called simply Zb) have been observed by the
Belle Collaboration in the invariant mass spectra of the
π±Υ(nS) (n = 1, 2, 3) and π±hb(mP ) (m = 1, 2) pairs
that are produced in association with a single charged
pion in Υ(5S) decays [4]. Their masses and decay widths
have been estimated to be mZ±
b
= 10607.2 ± 2.0 MeV
and ΓZ±
b
= 18.4 ± 2.4 MeV, respectively [2], and the
favored quantum numbers are IG(JP ) = 1+(1+) [2].
The Belle Collaboration has also found evidence of the
charge neutral partner Zb(10610) in the Dalitz plot anal-
ysis of Υ(5S)→ Υ(2S)π0π0, with the mass being mZ0
b
=
10609± 6 MeV [5]. Since the Zb is an isotriplet state, it
cannot be pure bb¯ state, needing at least four quarks as
minimal constituents.
The structure of these isospin triplets is still matter
of debate. Due to the proximity to BB¯∗ thresholds, a
natural interpretation is to suppose that they are bound
states of bottomed mesons [6–23]. Another plausible in-
terpretation is that they could be compact tetraquark
states, resulting from the binding of a diquark and an
antidiquark [3].
The determination of the structure of the Zb states
(meson molecule, tetraquark or a mixture, including bot-
tomonium components) requires more experimental in-
formation. The study of the better known X(3872) state
has led to the conclusion that the production in hadronic
colliders may be more sensitive to the quark configura-
tion. It has been claimed [24–26] that data on X(3872)
production in proton-proton collisions are incompatible
with a molecular interpretation (for a different point of
view, see however [27, 28]).
Hadronic production of exotic states can be investi-
gated in proton - proton collisions and in nucleus-nucleus
reactions both in ultraperipheral [29] and central colli-
sions [30, 31]. Indeed, heavy ion collisions (HIC) allow
for a higher production rate of heavy quarks. Moreover,
the formation of a quark gluon plasma (QGP) phase al-
lows heavy quarks to move freely and recombine to form
exotic states. As described in [30, 31], heavy quarks co-
alesce to form bound states (and possibily exotic bound
states) at the end of the QGP phase. After being pro-
duced, the multiquark states interact with other hadrons
during the expansion and cooling of the hadronic matter.
They can be destroyed in collisions with the comoving-
light mesons, but they can also be produced through the
inverse processes [32–35]. The final multiplicity depends
on the interaction cross sections, which, in turn, depend
on the spatial configuration of the quarks. Therefore, the
measurement of the Zb multiplicity would be very useful
to determine the structure of these states. Theoretical
studies reported in Ref. [34], for instance, suggest that
the X(3872) multiplicity at the end of the QGP phase is
reduced by a factor four due to the interactions with the
hadron gas. Moreover the results found in [34] suggest
that if the X(3872) was observed in HICs, it would be
most likely a molecular state.
Extending the study of the X(3872) abundance men-
tioned above, in this work we investigate the Zb abun-
dance in the hot hadron gas produced in the late stage
of heavy ion collisions. We will follow the previous works
on the subject, where the interactions of the X(3872)
with light mesons were addressed [33]. As in Refs. [7–
9, 20, 23], we assume that the Zb couples to B¯B
∗ and to
BB¯. We use effective Lagrangians to calculate the ther-
mally averaged cross sections of the Zb production in
processes such as B(∗) + B¯(∗) → π + Zb, and also of the
Zb absorption in the corresponding inverse processes. We
then solve the rate equation to follow the time evolution
of the Zb multiplicity and determine how it is affected by
the considered reactions.
The paper is organized as follows. In Section II we
describe the formalism and calculate the cross sections
of Zb production and absorption. With these results,
in Section III we calculate the thermally averaged cross
2sections of the processes above mentioned. Then, in Sec-
tion IV we solve the rate equation and follow the time
evolution of the Zb abundance. Finally, in Section V we
present some concluding remarks.
II. CROSS SECTIONS
In this section we calculate the production and ab-
sorption cross sections involving the Zb and pions. We
focus on the processes B¯B → πZb, B¯∗B → πZb and
B¯∗B∗ → πZb and the inverse reactions. In Fig. 1 we
show the different diagrams contributing to each pro-
cess, without the specification of the particle charges.
The cross sections for these reactions were obtained in
Ref. [8] considering only the charged partner Z+b . Thus,
for completeness, here we compute the total cross section
including all the components of the isospin triplet. Due
to their large multiplicity (there are about ten pions for
every particle of any other species), we expect that the
reactions involving pions provide the main contributions
to the study of the Zb abundance in hot hadronic matter.
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pi(p3)B¯(p1)
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FIG. 1. Diagrams contributing to the process B¯B → piZb
[diagrams (a) and (b)], B¯∗B → piZb [diagram (c)] and
B¯
∗
B
∗ → piZb [diagrams (d) and (e)], without specification
of the charges of the particles (from Ref. [8]).
The amplitudes of the processes shown in Fig. 1 are
calculated with the help of effective Lagrangians based
on the extended hidden SU(4) local symmetry. For more
details about explicit expressions of amplitudes and cal-
culations, we refer the reader to Refs. [8, 33, 34, 36–40].
The isospin-spin-averaged cross section for the processes
B¯B, B¯∗B, B¯∗B∗ → πZb in the center of mass (CM)
frame is given by
σr(s) =
1
64π2s
|~pf |
|~pi|
∫
dΩ
∑
S,I
|Mr(s, θ)|2, (1)
where r = 1, 2, 3 label processes B¯B, B¯∗B, B¯∗B∗ respec-
tivelly;
√
s is the CM energy; |~pi| and |~pf | denote the tri-
momenta of initial and final particles in the CM frame,
respectively; the symbol
∑
S,I represents the sum over
the spins and isospins of the particles in the initial and
final state, weighted by the isospin and spin degeneracy
factors of the two particles forming the initial state for
the reaction r, i.e. [8, 33]
∑
S,I
|Mr|2 → 1
(2I1i,r + 1)(2I2i,r + 1)
× 1
(2S1i,r + 1)(2S2i,r + 1)
∑
S,I
|Mr|2,
(2)
where
∑
S,I
|Mr|2 =
∑
Q1i,Q2i
[∑
S
∣∣∣M(Q1i,Q2i)∣∣∣2
]
. (3)
Notice that the charges of the two particles forming the
initial state for the processes in Fig. 1 can be combined,
giving a total charge Qr = Q1i + Q2i = −1, 0,+1. We
have then four possibilities: (0, 0), (−,+), (−, 0) and
(0,+), giving∑
S,I
|Mr|2 =
∑
S
(
|M(0,0)r |2 + |M(−,+)r |2
+|M(−,0)r |2 + |M(0,+)r |2
)
.
(4)
As mentioned above, the expressions of the amplitudes
and values of the coupling constants are given in Ref. [8].
The uncertainties in the couplings gZBB∗ will be taken
into account and the results discussed below will be repre-
sented by shaded regions in the plots. Also, in the compu-
tations of the present work we have employed the isospin-
averaged masses reported in Ref. [2]: mpi = 137.3 MeV;
mB = 5279.4 MeV; mB∗ = 5324.8 MeV; mZ±
b
= 10607.2
MeV; mZ0
b
= 10609 MeV.
In Fig. 2 the total Zb production cross sections are
plotted as a function of the CM energy
√
s. We see
that the cross sections are ∼ 6 × 10−3 − 3 × 10−2mb for
10.80 ≤ √s ≤ 11.05 GeV. Also, it can be noticed that the
three processes have cross sections with the same order
of magnitude. Another point worthy of mention is that,
due to the inclusion of the contributions coming from pro-
cesses with all the three components of the isospin triplet
(Z0b , Z
+
b , Z
−
b ), we obtain cross sections that are bigger (by
a factor about 2 − 3) than those found in Ref. [8] with
only the Z+b component.
3FIG. 2. Cross sections for the production processes B¯B →
piZb (medium shaded region), B¯
∗
B → piZb (dark shaded re-
gion) and B¯∗B∗ → piZb (light shaded region), as function of
CM energy
√
s.
We also evaluate the cross sections related to the in-
verse processes. In Fig. 3 the total Zb absorption cross
sections are plotted as a function of the CM energy√
s. They are found to be ∼ 5 × 10−2 − 1 mb for
10.80 ≤ √s ≤ 11.05 GeV. As it can be seen, the re-
action with the final B¯∗B∗ state has the largest cross
section (by a factor about 3-10, depending on the chan-
nel) in comparison with the other reactions. Again, the
inclusion of the contributions coming from the processes
with all the three components (Z0b , Z
+
b , Z
−
b ) yields cross
sections that are bigger (by a factor about 2 − 3) than
those found in in Ref. [8] with only the Z+b component.
The comparison between the Z+b production and ab-
sorption cross sections, shown in Figs. 2 and 3, suggests
that the Zb-production cross sections are smaller than
the absorption ones by a factor about 3-100, depending
on the specific channel and region of energy. This differ-
ence between production and absorption cross sections
can be accounted for by kinematic effects.
In what follows we use the results reported above to
compute the thermally averaged cross sections for the Zb
production and absorption reactions.
III. CROSS SECTIONS AVERAGED OVER THE
THERMAL DISTRIBUTION
Let us introduce the cross section averaged over the
thermal distribution for a reaction involving an initial
two-particle state going into two final particles ab→ cd.
FIG. 3. Cross sections for the absorption processes piZb →
B¯B (medium shaded region), piZb → B¯∗B (dark shaded re-
gion) and piZb → B¯∗B∗ (light shaded region), as function of
CM energy
√
s.
It is given by [32, 34, 41]
〈σab→cd vab〉 =
∫
d3~pad
3~pbfa(~pa)fb(~pb)σab→cdvab∫
d3~pad3~pbfa(~pa)fb(~pb)
(5)
where fa and fb are Bose-Einstein distributions, σab→cd
are the cross sections evaluated in Section II, vab repre-
sents the relative velocity of the two interacting particles
a and b.
In Figs. 4 and 5 we plot the thermally averaged cross
sections for Zb absorption and production respectively,
via the processes discussed in the previous Section. All
the three production reactions considered have similar
magnitudes, especially at high temperatures. The ab-
sorption processes with BB¯ and B∗B¯ final states have
comparable cross sections and these are smaller than in
the case with B∗B¯∗ final state (by a factor about 2-3).
Comparing Figs. 4 and 5 we observe that absorption is
stronger than production by a factor ranging from 20 to
100 in the energy region of interest.
In the next section we use these thermally averaged
cross sections as input in the rate equation and study
the time evolution of the Zb abundance.
IV. TIME EVOLUTION OF Zb ABUNDANCE
We complete the present investigation with the study
of the time evolution of the Zb abundance in hadronic
matter, using the thermally averaged cross sections esti-
mated in the previous section. More precisely, we inves-
tigate the influence of π − Zb interactions on the abun-
dance of Zb during the hadronic stage of heavy ion colli-
sions. The momentum-integrated evolution equation for
4FIG. 4. Thermally averaged cross section to the processes
B¯B → piZb (medium shaded region), B¯∗B → piZb (dark
shaded region) and B¯∗B∗ → piZb (light shaded region), as
a function of temperature.
FIG. 5. Thermally averaged cross section to the processes
piZb → B¯B (medium shaded region), piZb → B¯∗B (dark
shaded region) and piZb → B¯∗B∗ (light shaded region), as
a function of temperature.
the abundances of particles included in processes previ-
ously discussed [32, 34, 41] reads
dNZb(τ)
dτ
=
∑
b,b′
[〈σbb′→piZbvbb′〉nb(τ)Nb′ (τ)
−〈σpiZb→bb′vpiZb〉npi(τ)NZb (τ)] , (6)
where NZb(τ), Nb′(τ), nb(τ) and npi(τ) are the abun-
dances of Zb, of bottomed mesons of type b
′, of bottomed
mesons of type b and of pions at proper time τ , respec-
tively. We can see in the above equation that the Zb
abundance at a proper time τ depends on the πZb disso-
ciation rate through the processes discussed previously,
and also on the πZb production rate from the inverse
processes.
To solve Eq. (6) we assume that the pions and bot-
tomed mesons in the reactions contributing to the abun-
dance of Zb are in equilibrium. Accordingly, nb(τ),
Nb′(τ) and npi(τ) can be written as [32, 34, 41]
nb(τ) ≈ 1
2π2
γb gB(∗) m
2
B(∗) T (τ)K2
(
mB(∗)
T (τ)
)
,
Nb′(τ) ≈ 1
2π2
γb gB(∗) m
2
B(∗) T (τ)V (τ)K2
(
mD(∗)
T (τ)
)
,
npi(τ) ≈ 1
2π2
γpi gpim
2
pi T (τ)K2
(
mpi
T (τ)
)
, (7)
where γi and gi are the fugacity factor and the degen-
eracy of particle i respectively. As it can be seen in
Eq. (7), the time dependence in Eq. (6) enters through
the parametrization of the temperature T (τ) and volume
V (τ) profiles suitable to describe the dynamics of the
hot hadron gas after the end of the quark-gluon plasma
phase. As in Refs. [32, 34, 41], we assume the τ depen-
dence of V (τ) and T to be given by
V (τ) = π
[
RC + vC (τ − τC) + aC
2
(τ − τC)2
]2
τc,
T (τ) = TC − (TH − TF )
(
τ − τH
τF − τH
) 4
5
. (8)
These expressions are based on the boost invariant
Bjorken picture with an accelerated transverse expan-
sion. Since we focus on central Au-Au collisions at√
sNN = 200 GeV, in the above equation RC = 8.0
fm denotes the final size of the quark-gluon plasma,
while vC = 0.4 c and aC = 0.02 c
2/fm are its transverse
flow velocity and transverse acceleration at τC = 5.0
fm/c [32, 34, 42]. The critical temperature of the quark
gluon plasma to hadronic matter transition is TC = 175
MeV; TH = TC = 175 MeV is the temperature of
the hadronic matter at the end of the mixed phase, at
τH = 7.5 fm/c. The freeze-out takes place at the freeze-
out time τF = 17.3 fm/c, when the temperature drops to
TF = 125 MeV.
We assume that the total number of bottom quarks
in bottomed hadrons is conserved during the production
and dissociation reactions, and that the total number of
bottom quark pairs produced at the initial stage of the
collisions at RHIC is 0.02, yielding the bottom quark
fugacity factor γb ≈ 2.2 × 106 in Eq. (7) [30, 31]. In the
case of pions, their total number at freeze-out is assumed
to be 926 [32, 34, 42].
In the present work we study the yields obtained for
the Zb abundance within two different approaches: the
statistical and the coalescence models. In the statisti-
cal model, hadrons are produced in thermal and chemi-
cal equilibrium, according to the expression of the abun-
dance in Eq. (7) corresponding to the hadron considered.
5Therefore, the Zb yield at the end of the mixed phase
(produced from quark-gluon plasma) is
N0Zb(Stat) = NZb(Stat)(τH) ≈ 2.1× 10−8. (9)
Notice, however, that this model does not contain any
information related to the internal structure of the Zb.
In the coalescence model the determination of the yield
of a certain hadron is based on the overlap of the den-
sity matrix of the constituents in an emission source with
the Wigner function of the produced particle. This model
contains information on the internal structure of the con-
sidered hadron, such as angular momentum, multiplicity
of quarks, etc. Then, following Refs. [30–32, 34], the
number of Zb’s produced at the end of the mixed phase
can be written as :
NCoalZb ≈ gZb
n∏
j=1
Nj
gj
n−1∏
i=1
(4πσ2i )
3
2
V (1 + 2µiTσ2i )
×
[
4µiTσ
2
i
3(1 + 2µiTσ2i )
]li
, (10)
where gj and Nj are the degeneracy and number of the
j-th constituent of the Zb and σi = (µiω)
−1/2. The quan-
tity ω is the oscillator frequency (assuming an harmonic
oscillator Ansatz for the hadron internal structure) and µ
the reduced mass, given by µ−1 = m−1i+1+
(∑i
j=1 mj
)−1
.
Finally, the angular momentum of the system, li, is 0 for
an S-wave, and 1 for a P -wave. In order to calculate the
Zb yield within the coalescence model, we consider it as a
tetraquark state. Therefore, according to the coalescence
model for Zb as a tetraquark, the time evolution of the
abundance (NZb) is determined by solving Eq. (6), with
initial condition, at τH = 7.5 fm/c, given by
N0Zb(4q) = NZb(4q)(τH) ≈ 2.1× 10−9. (11)
The comparison between the values of N0Zb(Stat) and
N0Zb(4q) in Eqs. (9) and (11) indicates that the number of
Zb’s (produced at the end of the mixed phase) calculated
with the statistical model is greater than the four-quark
state (formed by quark coalescence) by one order of mag-
nitude.
In Fig. 6 we show the time evolution of the Zb abun-
dance as a function of the proper time in central Au-
Au collisions at
√
sNN = 200 GeV, using N
0
Zb(Stat)
and
N0Zb(4q) as initial conditions. The results suggest that
the interactions between the Zb’s and the pions during
the hadronic stage of heavy ion collisions do not produce
any relevant change in the Zb abundance, i.e. there is
an approximate equilibrium between production and ab-
sorption and the number of Zb’s throughout the hadron
gas phase remains nearly constant.
V. CONCLUSIONS
In this work we have studied the Zb(10610) abun-
dance in a hot pion gas produced in heavy ion colli-
FIG. 6. Time evolution of the Zb abundance as a function of
the proper time in central Au-Au collisions at
√
sNN = 200
GeV. Dark and light shaded bands represent the evolution
with the number of Zb’s produced at the end of the mixed
phase calculated using statistical and four-quark coalescence
models, respectively.
sions. Effective Lagrangians have been used to calculate
the thermally averaged cross sections of the processes
B(∗)+B¯(∗) → π+Zb(10610), as well as of the correspond-
ing inverse processes. We have found that the magnitude
of the thermally averaged cross sections for the dissoci-
ation and for the production reactions differ by factors
up to 100, depending on whether the considered channel
includes or not the B(∗) + B¯(∗) state.
With the thermally averaged cross sections we have
solved the rate equation to determine the time evolu-
tion of the Zb(10610) multiplicity. The results suggest
that the Zb yield is not significantly affected by the in-
teractions with the pions and hence the number of Zb’s
remains essentially unchanged during the hadron gas
phase.
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